Two of the major histone acetyltransferases in Saccharomyces cerevisiae are NuA4 and SAGA, which acetylate histones H4 and H3, respectively. Acetylated H3 and H4 tails have been implicated in binding bromodomain proteins, including Bdf1. Bdf1 interacts with the general transcription factor TFIID, which might promote preinitiation complex (PIC) assembly. Bdf1 also interacts with the SWR complex (SWR-C). SWR-C is responsible for the deposition of the histone H2A variant H2A.Z. The placement of these interactions into a connected pathway of PIC assembly has not been fully established. Moreover, it is not known how widespread and how variable such a pathway might be on a genomic scale. Here we provide genomic evidence for S. cerevisiae that PIC assembly (TFIID occupancy) and chromatin remodeling (SWR-C and H2A.Z occupancy) are linked in large part to NuA4-directed H4 acetylation and subsequent Bdf1 binding, rather than through SAGA-directed H3 acetylation. Bdf1 and its homolog Bdf2 tend to have distinct locations in the genome. However, the deletion of BDF1 leads to the accumulation of Bdf2 at Bdf1-vacated sites. Thus, while Bdf1 and Bdf2 are at least partially redundant in function, their functions in the genome are geographically distinct.
Eukaryotic promoters are regulated in large part by the dynamic assembly and disassembly of the transcription machinery. At least in the budding yeast Saccharomyces cerevisiae, most promoters possess similar chromatin architectures with which components of the transcription machinery must contend (1, 33, 56) . The interplay between chromatin and the transcription machinery is of considerable interest, and many details are now coming to light. How this plays out mechanistically on a genome-wide scale remains largely unknown. Figure 1 attempts to integrate a current view of one aspect of preinitiation complex (PIC) assembly and its linkage to chromatin. As illustrated, yeast promoters tend to possess nucleosome-free regions and are flanked by positioned nucleosomes (1, 56) . These flanking nucleosomes tend to be enriched with the histone H2A variant called H2A.Z (17, 32, 44, 59) . H2A.Z is largely promoter specific, affording an as yet unknown function in gene regulation. Some evidence suggests that H2A.Z might facilitate nucleosome dismantling (59) , which might be important for transcription initiation (1) .
Nucleosomes in promoter regions tend to be hyperacetylated during gene activation, and the prevailing view is that acetylation at certain histone residues contributes to gene activation (5, 8, 12, 46) . Although numerous histone acetyltransferases (HATs) exist in yeast (53) , SAGA and NuA4 appear to be the major HAT complexes that contribute to gene activation across the genome (2, 10, 13, 16, 48, 52) . SAGA prefers to acetylate histone H3 amino-terminal tails (16) , whereas NuA4 prefers histone H4 tails (as well as H2A.Z tails) (2, 3, 10, 26, 39, 45, 52) . Current evidence suggests that these two HAT complexes might make significant contributions to distinct PIC assembly pathways, although this is not fully known. Promoters regulated by SAGA tend to possess a TATA box core promoter element and are generally inhibited by chromatin (4, 22) . SAGA might direct the TATA binding protein TBP to the TATA box in the absence of the classical TBP-containing complex TFIID (4, 22, 50) . Genes that are particularly dependent upon NuA4 tend to be TATA-less and regulated by TFIID (13) . Histone tails tend to play a positive role at these promoters (22) .
A substantial body of evidence suggests that acetylated histone tails are binding sites for protein complexes that contain bromodomains (11, 20, 21, 23, 25, 41) . Such complexes include SAGA, TFIID, RSC, and SWI/SNF, among others (7, 9, 19, 35, 37, 55) . The primary bromodomain component of yeast TFIID is the dissociable Bdf1 subunit (encoded by the carboxyl-terminal domain of TAF1 in higher eukaryotes but encoded separately in yeast) (37) . As shown in Fig. 1 , one current view posits that H4 acetylation at promoters by NuA4 leads to Bdf1 binding (as well as the potential binding of other bromodomain factors) (19, 22, 24, 31, 35, 37, 38, 54) . Bdf1 then recruits TFIID, which contributes to RNA polymerase II recruitment via other general transcription factors, to form a PIC.
The evidence linking H4 acetylation and Bdf1/TFIID binding is as follows: (i) crystallographic structures and biochemical assays show isolated Bdf1 bromodomains bound to acetylated histone H4 tails (23, 31, 38, 42) ; (ii) Bdf1 and TFIID colocalize throughout the yeast genome at sites that are enriched with acetylated histone H4 (13, 30) ; (iii) genes that are positively regulated by histone H4 tails, by the Esa1 catalytic HAT subunit of NuA4, or by Bdf1 tend to be dominated by TFIID regulation (13, 22) ; (iv) an Esa1 HAT mutation shows a synthetic lethal phenotype with a bdf1⌬ mutation (38); (v) Bdf1 interacts directly with TFIID (37); (vi) the elimination or nucleosomal occlusion of the TATA box at the PHO5 promoter creates a transcriptional dependency on H4 tails and Bdf1 (36) .
Notwithstanding the connection between Bdf1 and TFIID, a substantial fraction of Bdf1 appears to act independently of TFIID (31, 37) , where it may function as a boundary preventing the spread of proteins involved in heterochromatin formation (31) . Bdf1 also interacts with the SWR complex (SWR-C), which is responsible for H2A.Z deposition ( Fig. 1) (27, 28, 40) . SWR-C uses the energy of ATP hydrolysis through the Swr1 subunit to replace H2A with H2A.Z in nucleosomes (40, 49) . Thus, Bdf1 might recruit both TFIID and SWR-C to promoter regions (44) . SWR-C might catalyze the exchange of H2A.Z during transcription initiation during which nucleosomes are dismantled to allow RNA polymerase II passage and then reassembled. Consistent with the linkage of Bdf1 to H2A.Z deposition, genome-wide occupancy of the two proteins is highly correlated, with H2A.Z occupancy being dependent upon both Bdf1 and SWR-C (59). Bdf1 and H2A.Z occupancy are linked to H4 acetylation in that mutations in NuA4 subunits or in H4 tail lysines that are acetylated by NuA4 diminish Bdf1 or H2A.Z binding at specific loci (3, 30, 44) .
In contrast to the apparent widespread dependency of H2A.Z deposition on Bdf1, another study saw little effect when specific loci were examined (44) . The lack of effect was attributed to the functionally redundant homolog BDF2. Little is known about BDF2 except that it may be at least partially redundant with BDF1 in that BDF2 can genetically compensate for BDF1, and both have biochemical interactions with TFIID (37, 44) . Open questions are whether Bdf1 is preferentially recruited over Bdf2 and whether the redundancy between Bdf1 and Bdf2 applies to all or just a subset of genomic sites.
In summary, the evidence points to a PIC assembly pathway where, in a simplified and incompletely understood way, NuA4 is recruited to promoter regions to acetylate H4 tails via Esa1. The acetylated H4 tails help recruit Bdf1, which helps recruit TFIID and SWR-C to elicit PIC assembly and H2A.Z nucleosome remodeling. In a parallel and partially redundant pathway, SAGA is recruited to acetylate H3 tails via Gcn5 and delivers TBP to TATA-containing promoters to elicit PIC assembly. The acetylated H3 tails help recruit/retain nucleosome remodeling complexes, such as SWI/SNF and RSC (18, 19, 25) . Several pieces of evidence suggest that the two pathways might be interconnected to some extent. First, NuA4 (Esa1) and SAGA (Gcn5) display functional redundancy with respect to RNR3 expression (51) . Second, defects in the SAGA pathway (i.e., strains lacking GCN5 or harboring nonacetylatable H3 mutants) result in defects in the NuA4 pathway (e.g., decreased H2A.Z occupancy) (44, 59) . Third, H3 acetylation generally correlates with Bdf1 and H2A.Z occupancy (30, 59) . One interpretation of these observations is that Gcn5-acetylated H3 tails also recruit/retain Bdf1, which recruits SWR-C and then H2A.Z. However, genetic evidence suggests that SAGA's connection to Bdf1 might not involve GCN5 (38) . It remains to be determined whether H3 acetylation or Gcn5 contributes to Bdf1 occupancy at promoter regions.
The model of NuA4-or SAGA-directed PIC assembly via acetylation and Bdf1 binding is far from established and thus would benefit from additional experimental investigation. Here we examine tenets of the model on a genome-wide scale. We explore the consequence of the loss of acetylation by NuA4 for the recruitment of Bdf1, TFIID, SWR-C, and H2A.Z at the majority of yeast promoter regions. We also examine the effect of the loss of Bdf1 on the recruitment of these factors and whether the loss of Bdf1 results in a physical relocation of Bdf2 to Bdf1 binding sites. Requirements for SAGA (Gcn5) are also examined. The results presented here provide multiple lines of FIG. 1. Model for PIC assembly via nucleosome acetylation. Shown are a series of events starting with a typical promoter and its nucleosomal architecture. NuA4 and/or SAGA associate with promoter regions via targeting mechanisms that are not shown. These HAT complexes acetylate histone H4 and H3, respectively (and other sites as well). Bdf1 is preferentially recruited to acetylated nucleosomes, which could be replaced by Bdf2 at some promoters. It is not known to which nucleosomes Bdf1 binds. Bdf1 recruits TFIID and SWR-C, which leads to PIC assembly, the release of H2A.Z, and transcription by pol II (RNA polymerase II).
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DURANT AND PUGH MOL. CELL. BIOL. evidence for a general model of PIC assembly and H2A.Z nucleosome remodeling derived largely from the direction of NuA4 rather than that of SAGA. The genome-wide analysis further reveals that the disruption of factor binding at preferred sites results in the accumulation of factors at less-preferred sites which we speculate to be default repositories for such factors.
MATERIALS AND METHODS
Yeast strains. A list of the strains used in this study is provided in Table 1 . Deletions were created by replacing the entire open reading frame with the kanamycin resistance gene. Proteins were tagged by generating PCR products of the tandem affinity purification (TAP) tag from the Open Biosystems TAPtagged yeast collection strains and incorporating the PCR product into the wild-type or mutant yeast strains by homologous recombination.
Chromatin immunoprecipitation and microarray analysis (ChIP-chip). Cultures were grown in standard yeast peptone dextrose medium at 25°C to an optical density at 600 nm of 0.8 and then rapidly shifted to 37°C for 45 min. Cells were cross-linked with 1% formaldehyde and simultaneously cooled to 25°C; strains containing TAP-tagged histones were cross-linked for 15 min, and TAP tag transcription factors were cross-linked for 2 h. Parental strains lacking the TAP tag served as negative "null" controls. Cross-linking reactions were quenched with 125 mM glycine for 5 min, and cells were harvested. Cells were lysed with zirconia beads, and the chromatin was washed prior to sonication. Sonication was performed using the Diagenode BioRuptor. The BioRuptor was used at the "high" setting, with alternating sessions of 30 s of sonication and 30 s of resting. Samples that were cross-linked for 15 min were sonicated four at a time for a total of 6 min, and 2-h-cross-linked samples were sonicated two at a time for a total of 13 min. The final DNA fragment size for all samples was between 300 and 500 base pairs. The sonicated DNA was amplified by 20 (for histones) or 25 (for transcription factors) cycles of PCR and subsequently hybridized to spotted microarrays containing Ͼ6,000 PCR-generated probes spanning each intergenic region as previously described (58) . Data were filtered and analyzed as previously described (57) . Negative controls showed very low levels of DNA recovery, as expected.
Microarray data accession number. Raw data are available at GEO under accession number GSE6707. Processed microarray data are available in Table S1 in the supplemental material.
RESULTS
The model in Fig. 1 places NuA4-directed (and/or SAGAdirected) acetylation as an early step in PIC assembly, followed by Bdf1 binding. We therefore focused on the downstream events that are potentially dependent upon these upstream events. NuA4-directed acetylation is catalyzed by Esa1 (2). Since Esa1 is essential for cell growth, it was necessary to employ the temperature-sensitive allele esa1-414 (10). Bdf1 was eliminated using a bdf1⌬ strain. Chromatin immunoprecipitations of TAP-tagged proteins were performed on a genome-wide scale (by ChIP-chip) (58) in which the binding patterns of Bdf1, Bdf2, TFIID (via Taf1), SWR-C (via Swr1), and H2A.Z nucleosomes (via Htz1) were examined in mutant and wild-type strains. All formaldehyde cross-linking was performed under the same conditions in which cells were grown exponentially in rich medium at 25°C, followed by an abrupt shift to 37°C for 45 min (58), which eliminates esa1-414 when present (10, 13) .
Occupancy of Bdf1, TFIID (Taf1), SWR-C (Swr1), and H2A.Z (Htz1) at many of the same promoter regions depends upon NuA4 (Esa1). Log 2 -transformed ratios of factor occupancy in a mutant relative to that in a wild-type strain are presented as a cluster plot in Fig. 2A . Each row corresponds to an intergenic promoter region. Only those intergenic regions that met a specified cutoff (Fig. 2 legend) for changes in occupancy in at least one set of experiments are shown. The remainder may represent genes whose expression is increasingly rate limited by factors other than the ones studied here and which thus display fewer changes. These genes are nevertheless likely to be regulated in part by the mechanisms described here, particularly under conditions where they might be more highly expressed. The ratios were centered (log 2 ϭ 0) to the median value of all nonpromoter intergenic regions (i.e., regions between two convergently transcribed genes). The data were clustered by k means into four clusters, representing the maximum number of visually nonredundant clusters. None of these clusters were enriched with genes belonging to specific Gene Ontology terms (data not shown), which may simply reflect the fact that NuA4 contributes to the expression of most genes, regardless of their biological function or process.
As revealed by the four basic patterns in Fig. 2A , the loss of NuA4 (Esa1) resulted in a coordinated loss of Bdf1, TFIID (Taf1), SWR-C (Swr1), and H2A.Z (Htz1) at promoter re- Changes in factor occupancy in the indicated mutants. ChIP-chip was performed on the indicated factors in the indicated strains. Assays were run in parallel with mutant and wild-type (WT) strains, which were labeled separately with Cy3 and Cy5 fluorescent dyes and cohybridized to spotted microarrays containing ϳ6,000 intergenic-region-length PCR-generated probes. Data are presented as a cluster diagram (14) in which each row is an intergenic promoter region and each column is an average of two dye-swapped replicates. Red, green, and black denote increases, decreases, and no change in binding, respectively. Data were filtered to include only those intergenic regions that contained a single promoter region and had the largest change in occupancy (i.e., Ͻ10th or Ͼ90th percentile in at least one column). Six hundred eleven intergenic regions (ϳ10% of the analyzed genome) met these criteria. These intergenic regions are intended to be the strongest representatives of the genome so as to generate the strongest patterns. Such patterns are nevertheless likely to be applicable, with lower intensity, to most other intergenic promoter regions. Rows were grouped according to k means into four clusters (with 283, 158, 108, and 62 intergenic regions) (14) . Columns were clustered hierarchically (14) . The table below the cluster plot provides the average log 2 ratio in each cluster for each experiment. "All" denotes all promoters, and "Non" denotes nonpromoter intergenic regions (i.e., regions between two convergently transcribed genes). (B) Average occupancy of the indicated factors for the promoter regions of clusters 1 to 4. "A" denotes all single-promoter intergenic regions (Ͼ3,000), and "N" denotes nonpromoter intergenic regions (Ͼ1,000). Data for sets designated "(1)" are the log 2 ratios of the wild-type reference data set presented in panel A (binding after a shift to 37°C for 45 min) divided by the ChIP result for a "Null" untagged control (58) . Data for sets designated "(2)" are the log 2 ratios of the wild-type data set from reference 58 (binding after a shift to 37°C for 15 min) divided by a "Null" result. The two data sets were collected from two different studies which differed only in the time at 37°C (15 versus 45 min) before binding was measured. Their trends were similar, thereby providing additional confidence in the conclusions drawn from the data. Log 2 values are relative to those for nonpromoter regions. gions in clusters 1 and 2. As expected, clusters 1 and 2 had the highest levels of these factors in wild-type cells (Fig. 2B) . We interpret the strong linkage of factor loss to mean that the NuA4-directed acetylation of nucleosomes plays an important role in the recruitment or retention of these proteins by a significant subset of all yeast promoters in accord with the model presented in Fig. 1 . Most other genes may not be sufficiently expressed to reliably evaluate factor occupancy. Formally, we cannot exclude the possibility that NuA4 might have additional unknown targets that contribute to factor recruitment/retention. We also do not exclude the possibility of a more complex scenario whereby H4 acetylation by NuA4 promotes H3 acetylation via SAGA, with the latter possibility or some combination of both contributing to factor recruitment. The possibility of a contribution from SAGA is addressed further below.
Promoter regions that are dependent upon NuA4 for factor recruitment are highly acetylated. Based upon the model shown in Fig. 1 , we expect that the promoter regions that are most susceptible to losing factors in the NuA4 pathway would be those that are highly acetylated at H4. We addressed this by examining the average H4 acetylation status of genes in all four clusters and throughout the rest of the genome by using existing H4 acetylation data (6) . As shown in Fig. 3A (left side), the cluster 1 promoter regions had a relatively high H4 acetylation status, followed by that of the cluster 2 regions. Compared to the rest of the genome, clusters 3 and 4 had comparatively low H4 acetylation levels which were similar to levels found in nonpromoter regions. A similar pattern was also observed for H3 acetylation (Fig. 3A, right side) , leaving open the possibility of involvement by the H3-specific SAGA (Gcn5) acetyltransferase. Figure 3B quantifies factor loss as a function of acetylation levels, showing that higher initial levels of H4 acetylation strongly correlate with greater losses of Bdf1, TFIID (Taf1), SWR-C (Swr1), and H2A.Z (Htz1) when NuA4 is eliminated. The further up the pathway (shown in Fig. 1 ) that a factor resided, the stronger the correlation. Together, these findings place Bdf1, TFIID (Taf1), SWR-C (Swr1), and H2A.Z (Htz1) recruitment in the same pathway and downstream of H4 acetylation by NuA4 at genes represented by clusters 1 and 2.
Occupancy of Bdf1 in promoter regions is not promoted by SAGA (Gcn5) or TFIID (Taf1). We next examined the potential involvement of SAGA in factor occupancy since H3 acetylation and SAGA have been linked to Bdf1 and Htz1 occupancy (30, 59) . To address the possibility that SAGA-directed acetylation contributed to Bdf1 occupancy, we performed ChIP-chip on Bdf1 and Taf1 in gcn5⌬ and wild-type strains. As shown in Fig. 4 (left panel) , the promoter regions of genes in all four clusters actually gained Bdf1 when Gcn5 was missing, suggesting that SAGA or H3 acetylation is not contributing positively to Bdf1 recruitment/retention at promoters. Since both Bdf1 and Gcn5 possess bromodomains, the findings are more consistent with the possibility that the two bromodomain proteins compete for occupancy of a common target, such as acetylated H4 tails. That possibility remains to be tested. Taken together, these findings are consistent with the involvement of the NuA4 pathway in recruitment/retention of Bdf1 at promoter regions. Since H3 acetylation levels correlate with H4 acetylation levels (6, 30, 34, 43), this might account for previous observations that the acetylation of certain H3 residues correlates with Bdf1 occupancy (30) .
In contrast to our observations with Bdf1, we observed somewhat less TFIID (Taf1) promoter occupancy in the absence of Gcn5 (Fig. 4, right panel) , which is consistent with the notion put forward by other studies that SAGA and H3 acetylation make significant, albeit modest, global contributions to transcription (16, 29, 43, 47) . Our finding that the changes in Taf1 occupancy did not mirror those in Bdf1 when GCN5 was deleted suggests that the additional Bdf1 occupancy at promoter regions is not sufficient to promote PIC formation. The idea that Bdf1 is maintained at promoter regions independent of its interactions with TFIID is demonstrated in Fig. 2A (column 8) , where loss of TFIID in a taf1-2 temperature-sensitive strain did not alter Bdf1 occupancy. 6 and were normalized to the levels for nonpromoter intergenic regions. Data were transformed into log 2 ratios, and the average for each cluster was determined. "Non" denotes the average of Ͼ2,000; "All" denotes all promoter regions. (B) Changes (n-fold) in factor occupancy upon the loss of Esa1 correlate with the initial H4 acetylation levels. The H4 acetylation levels are from panel A. Changes in factor occupancy levels represent averages from Fig. 2A .
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Bdf1 and Bdf2 are geographically separate but interchangeable at certain genes. The NuA4-mediated pathway outlined in Fig. 1 indicates that the binding of Bdf1 to acetylated nucleosomes contributes to the subsequent recruitment of SWR-C and TFIID. Thus, we examined the impact of Bdf1 loss on factor recruitment, which, as shown in Fig. 2A , had a wider range of effects than the loss of NuA4 (Esa1) did. The loss of Bdf1 resulted in the depletion of H2A.Z (Htz1) at promoter regions in a manner akin to what was observed upon the loss of NuA4 (Esa1) (compare clusters 1 and 2 in columns 3 and 4 in Fig. 2A ). This is consistent with the model in Fig. 1 and elsewhere (59) in which Bdf1 recruits/retains SWR-C which deposits H2A.Z (Htz1).
Despite the promoter regions in cluster 1 having H2A.Z (Htz1) occupancy similar to that of cluster 2 (Fig. 2B) , cluster 2 experienced more of a loss of H2A.Z than cluster 1, when either Bdf1 or NuA4 (Esa1) was eliminated ( Fig. 2A , columns 3 and 4; compare clusters 1 and 2). If Bdf1 and Bdf2 are functionally redundant, as previously proposed (37, 44) , and if we consider the additional constraint that this redundancy is promoter specific, then perhaps Bdf2 is able to replace Bdf1 at cluster 1 but not at cluster 2. We were unable to test this by mutating both BDF1 and BDF2 since the deletion of both genes is lethal and a deletion of BDF1 in the context of a number of nonlethal BDF2 point mutations reverted rapidly in our hands.
The possibility that Bdf2 might replace Bdf1 in a promoterspecific manner was instead suggested by the binding pattern of Bdf2 in a bdf1⌬ strain. Consistent with that notion, there was a gain of Bdf2 at cluster 1 ( Fig. 2A, column 10) and no change at cluster 2. This result fits the predicted behavior of Bdf2 if it were substituting for Bdf1 in a promoter-specific manner (i.e., at cluster 1 but not at cluster 2) when Bdf1 is absent. At the promoter regions of both clusters 1 and 2, however, Bdf1 was preferentially recruited over Bdf2 when both were present (Fig. 2B) .
The deletion of BDF1 resulted in only a modest loss of TFIID (Taf1) at cluster 1 ( Fig. 2A, column 1 ) compared to the loss experienced by the esa1-414 mutant. This finding is consistent with the Bdf1/Bdf2 functional redundancy model, although the data do not exclude the possibility of other recruitment mechanisms for TFIID, such as through activators (15) . At cluster 2 genes, the losses of TFIID (Taf1) were of similar magnitudes in the bdf1⌬ and esa1-414 strains (columns 1 versus 7 in cluster 2), which is also consistent with the lack of Bdf2 involvement at those genes. The loss of Bdf1 resulted in a small but consistent gain of SWR-C (Swr1) at the promoter regions of clusters 1 and 2 ( Fig.  2A, column 9 ). These promoter regions normally had relatively high levels of SWR-C (Swr1) in wild-type strains (Fig. 2B) . At cluster 1, the maintenance/augmentation of SWR-C (Swr1) in the absence of Bdf1 could be from a redundant action of Bdf2, but this possibility would seem to require NuA4-mediated acetylation ( Fig. 2A, column 5 ). Acetylation and Bdf2 have no established connection.
Coordinate movement of factors throughout the genome. Compared to those in clusters 1 and 2, the promoter regions in clusters 3 and 4 had low H4 acetylation levels (Fig. 3A) and low occupancy levels of Bdf1, TFIID (Taf1), SWR-C (Swr1), and H2A.Z (Htz1) but high levels of Bdf2 (Fig. 2B) . These findings suggest that Bdf2 is normally directed to a different class of promoters than are these other factors. These Bdf2-enriched promoters have relatively low levels of H4 acetylation (Fig.  3A) , which is consistent with in vitro studies demonstrating that Bdf2 interacts with unacetylated histone tails (37) . Acetylation might confer preferential occupancy for Bdf1 over Bdf2 at the promoter regions in cluster 1, but this remains to be tested.
A consistent pattern shown in the cluster plot in Fig. 2A is that clusters 3 and 4 tended to respond oppositely to the way clusters 1 and 2 respond. We interpret this to mean that when the specific targeting of factors is disrupted, these factors are coordinately redistributed to lower-affinity sites. The coordinated redistribution of factors residing within the same pathway further illustrates their functional interconnectivity.
To further examine the composition of these opposing classes of promoters, we looked at the average occupancy levels of a variety of other regulatory factors in each cluster using existing ChIP-chip data. As shown in Fig. 5, a number of   FIG. 4 . Changes in Bdf1 and Taf1 occupancy when Gcn5 is eliminated. ChIP-chip assays were performed with Bdf1-TAP and Taf1-TAP as described in the legend to Fig. 2A ; the test and reference samples were derived from gcn5⌬ and GCN5 strains, respectively. The average n-fold change in occupancy between the mutant and wild-type strains was determined for the set of genes in clusters 1 to 4 ( Fig. 2A) , log 2 transformed, and plotted. The data were centered such that there was, on average, no change in occupancy in nonpromoter intergenic regions. "All" denotes the value for all intergenic promoter regions for which there were valid data. factors are more enriched in clusters 3 and 4 than in clusters 1 and 2, including proteins associated with repression, such as histone H1 (Hho1), Tup1, and Rap1. Thus, the findings in Fig.  2 suggest that on a genomic scale, PIC assembly components are directed to specific promoters, as expected, but when this delivery breaks down, these factors are redistributed to lessoccupied regions of the genome that tend to be enriched with repressor proteins.
DISCUSSION
H4 acetylation by NuA4 directs PIC assembly and chromatin remodeling via Bdf1. Histone acetylation is likely to play multiple roles in the regulation of gene expression and other nuclear processes. It remains uncertain as to what mechanistic role individual acetylated lysines play in gene control. A significant advance came with the finding that bromodomains bind to acetylated lysines, potentially linking bromodomaincontaining components of the transcription regulatory machinery directly to nucleosome acetylation.
As a bromodomain protein that interacts with both TFIID and SWR-C, Bdf1 has the ability to link nucleosome acetylation to PIC assembly and chromatin remodeling. To better understand this process from a genome regulation perspective, we sought to identify which acetylation activities are responsible for recruiting/retaining Bdf1 at promoter regions. Cells have a multitude of HATs, of which the NuA4 and SAGA complexes appear to play the largest gene regulatory role. Both are implicated in Bdf1 occupancy at promoters in that Bdf1 occupancy correlates with H4 and H3 acetylation across the yeast genome (13, 30, 59) . Indeed, H4 and H3 acetylation also correlates across the yeast genome (6, 30, 34, 43) . Our findings demonstrate a strong connection between Bdf1 and NuA4 in that the loss of NuA4 (Esa1) function resulted in a loss of Bdf1 binding to many promoter regions. We examined an alternative possibility that H4 acetylation might instead be helping to recruit or retain the bromodomain complex SAGA, which would employ its Gcn5 subunit to acetylate histone H3. The acetylated H3 might then recruit/retain Bdf1. Despite the fact that SAGA and NuA4 tend to occupy and acetylate similar sets of genes (47), we found that the loss of Gcn5 did not lead to a selective loss of Bdf1 at promoter regions, thereby ruling out a SAGA-directed recruitment of Bdf1. Rather, there was a significant tendency for Bdf1 occupancy to increase upon the loss of Gcn5. Conceivably, SAGA (Gcn5) and Bdf1 might compete for occupancy at the same NuA4 acetylated sites. Indeed, SAGA binds to nucleosomal arrays acetylated at H4 by NuA4 in vitro (19) , and Bdf1 binds to acetylated H4 tails (23, 31, 38, 42) . The activation of SAGA-regulated genes is linked to the dissociation of Bdf1 from their promoter regions (57) , which is consistent with binding competition between SAGA and Bdf1. Nevertheless, this possibility remains to be tested further.
Bdf1 and Bdf2 are partially redundant but are geographically distinct. Genetic evidence suggests that Bdf1 and Bdf2 are functionally redundant (37) . It is striking that the clustering patterns of ChIP-chip genomic data in Fig. 2 reveal instances of functional redundancy between these two factors but paradoxically also suggest geographically distinct functions. As inferred from Fig. 2, in a bdf1⌬ strain, the promoter regions of clusters 2 and 3 are depleted of both Bdf1 and Bdf2, the latter as a result of the redistribution of Bdf2 from cluster 3 to cluster 1. With both Bdf1 and Bdf2 missing, these two clusters displayed the greatest loss of TFIID (Taf1) compared to other clusters. Cluster 1, on the other hand, which gained Bdf2 in the bdf1⌬ strain, lost very little TFIID. These findings are consistent with the notion of functional redundancy.
Bdf1 and Bdf2 occupy distinct locations in the genome, with Bdf1 occupying regions of high H4 acetylation and Bdf2 occupying regions of low H4 acetylation. This acetylation difference may account for the proteins' distinct genomic distribution in that Bdf1, and not Bdf2, preferentially binds acetylated histone H4 tails (38) . The observation that Bdf2 redistributes itself to sites vacated by Bdf1 in a bdf1⌬ strain suggests that Bdf1 normally occludes Bdf2 binding at those sites. Interestingly, when H4 acetylation is lost upon the inactivation of NuA4, Bdf1 relocates from its bound genomic sites to sites where Bdf2 normally resides. Both of these observations suggest a degree of interchangeability between Bdf1 and Bdf2. If so, then some promoter regions have mechanisms that favor Bdf1 while mechanisms of other regions favor Bdf2. Regions bound by Bdf1 versus Bdf2 are occupied by distinct repertoires of transcriptional regulators, which could contribute to the differential occupancy of Bdf1 and Bdf2. How promoter specificity is achieved for the Bdf proteins remains to be determined.
Coordinated redistribution of transcription regulators. The findings presented here provide genome-wide support for the model of PIC assembly presented in Fig. 1 . This model appears to be general rather than selective for genes involved in a specific physiological process or function. The genomic data also reveal a substantial tailoring of this model in which factors such as Bdf1 and Bdf2 have differing influences, depending upon the promoter. Most yeast genes are expressed at low levels. These genes also have low levels of acetylation and generally lack assembled PICs, but they might nevertheless be permissive for PIC assembly. The loss of assembly factors elsewhere in the genome, based on mutagenesis experiments, appears to result in adventitious assembly at such transcriptionally quiescent locations. The redistribution appears to be highly coordinated with other assembly factors. Taken together, all of these findings clearly indicate that assembly and disassembly events are coordinated at individual loci as well as across the entire genome.
